Introduction

51
In multicellular organisms, absorption, secretion, as well as transport across the 52 epithelium of water, ions, and organic molecules is tightly regulated by the intestinal epithelial 53 barrier that consists of the apical plasma membrane of the enterocytes and the intercellular tight 54 junctions (8). Transcellular transport through the apical plasma membrane is highly regulated by 55 specific membrane pumps and channels. On the other hand, paracellular transport is guarded by 56 the tight junctions that form a continuous, embracing belt between adjacent epithelial cells (8). 1) domains and the cytoskeleton through their C-terminus (26, 32, 39, 93) . The regulatory 77 proteins are critical for the TJ formation and modulation of cell polarization (18, 78, 79) . They 78 also modulate the tight junction permeability through phosphorylation of the tight junction 79 proteins (24, 67, 80) or their expression (3, 5, 33) . A "leaky" TJ barrier characterized by 80 increased TJ permeability of toxic luminal substances is a hallmark of pathological conditions 81 including exertional stress (9) and heat stroke (10). The purpose of this review is to summarize conditions of exertional and non-exertional (passive hyperthermia) heat stress. We also discus 85 cellular mechanisms that are directly responsible for maintaining the integrity of the intestinal 86 epithelial tight junction barrier during heat stress or exercise.
88
Heat exposure and regulation of tight junction permeability -cell culture studies 89 Over the past three decades it has become apparent that hyperthermia leads to increased 90 tight junction permeability in cell culture models. In our early studies, we have shown in MDCK was documented at core body temperature of ~42°C (35, 48, 61, 65) .
128
Little is known about the long-term effect of acute hyperthermia or long-term heat 129 exposure on intestinal permeability. In anesthetized rats, severe whole body hyperthermia 130 resulted in massive (~22-fold) increase in plasma endotoxin concentration at 24-h post heat 131 exposure (75). In rats, intraperitoneal hyperthermic perfusion (43°C) induced an increase in 132 bacterial translocation that lasted up to 7 days after exposure (11). In contrast, in rabbits and 133 mice, heat stress produced a transient increase in intestinal permeability that returned to the 134 control levels at 18-24 h post exposure (73, 77) . The effect of long-term hyperthermic conditions 135 (7 days) were studied recently in pigs (63, 64) . In these studies, animals were exposed to heat 136 stress of 35°C that resulted in rectal temperature of 41°C and produced a moderate increase 137 (~50%) in intestinal permeability over the 7-day period. Together, these findings demonstrate 138 that exposure to severe heat stress results in an increase in intestinal permeability in animals.
7
Hyperthermia and tight junctions -animal studies
142
Hyperthermia (brief, extended, or repeated) has been consistently shown to cause 143 prominent changes in the intestinal tract (Fig. 1) . In early studies, in dogs and monkeys, 144 prolonged exposure (60 min) to hyperthermic conditions (core temperature of 42°C) resulted in 145 delayed signs of edema and massive bleeding from the stomach and rectum to the peritoneal 146 cavity, eventually leading to hemorrhagic and hypovolemic shock (25). In rats (48) and mice
147
(61), brief whole body hyperthermia resulted in cell death and subsequent shedding of the 148 epithelium from the intestinal surface, accumulation of vacuoles, loss of microvilli, and the 149 reduction of the microvilli height with no apparent changes in crypt depth or villi width (60, 61).
150
Similarly in pigs, a progressive reduction in villus height was observed in response to long-term 
158
In early studies in rats, whole body hyperthermia (42.5°C) caused no apparent changes in 159 TJ appearance (48). However, recent studies utilizing extended or repeated hyperthermic 160 conditions have shown significant changes in TJ protein expression. In growing pigs, 24-h heat 161 exposure produced an increase in occludin and claudin 3, but not claudin 1 (63). These changes 162 in TJ protein expressions were preceded by an increase in mRNA levels of tight junction proteins
163
(occludin, ZO-1, and claudin) (64). Lastly, in rats, repeated exposures (40°C for 2 h daily for 3 8 days) to heat stress damaged the tight junction structure leading to bacterial translocation (51).
165
Taken together, intense heat stress damages the intestinal wall. However, microscopic changes of 166 TJ structure and expression of TJ proteins still remain largely unknown.
167
Exercise and intestinal permeability -animal studies 168 In racing dogs, sustained strenuous exercise produced a moderate increase in intestinal 169 permeability that was accompanied by erosions and ulcerations in the stomach mucosa (0% Intestinal barrier permeability plays a major role in systemic inflammatory response syndrome 211 (SIRS), which is characterized by hyperthermia, increased hemodynamics and respiratory rates, 212 production of inflammatory cytokines (50), and endotoxemia (7, 16). As previously discussed, procedures (40). Although it was not reported, we can be confident that core temperature did not 256 rise substantially among this subject population. While the ischemic environment occurs in a relatively short period of time during high intensity exercise, long duration exercise has been 258 shown to increase TJ permeability and plasma endotoxins (12, 41, 49, 76) . During long duration 259 exercise, core temperature rises, along with susceptibility to dehydration, and both may 260 contribute to TJ barrier breakdown. As discussed in the previous section, the rise in core 261 temperature may cause physical damage to the intestinal wall.
262
In summary, it is well established that high intensity aerobic exercise increases intestinal Animal and human studies (ex-vivo and in-vivo experiments) 
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To date, the most prevailing hypothesis explaining hyperthermia-induced disruption of 322 tight junction barrier is as follows: hyperthermia reduces splanchnic blood blow to accommodate 323 heat dissipation in the periphery; reduced blood supply in the intestine and liver produces cellular suggesting that NOS is involved in the protection of gut tissue, however when uncontrolled leads 332 to deleterious consequences contributing to heat stroke. This suggests that depending on pre-333 existing oxidative conditions, antioxidants may have no effect on intestinal permeability or may 334 significantly protect the barrier and the mucosa exposed to hyperthermic conditions (48, 61).
335
Besides antioxidants, prior supplementation with either bovine colostrum or goat milk powder 336 significantly reduced gastrointestinal permeability induced by heat stress or strenuous exercise in 337 different experimental models including intestinal epithelia cells, animals, and athletes (55, 65).
338
Due to a high level of heterogeneity of colostrum or milk powder containing a variety of 339 compounds (amino acids, lipids, fatty acids, cytokines, and growth factors), the exact 340 mechanisms will require extensive future research, but a direct effect on tight junction structure 341 and upregulation of heat stress response was proposed. Recently, the effect of amino acids in 342 preventing heat-or exercise-induced disruption of intestinal barrier have also been studied. 
